We have succeeded in creating Menger sponge-like fractal body, i.e., porous-silica samples with Menger sponge-like fractal geometries, by a novel template method utilizing template particles of alkylketene dimer (AKD) and a sol-gel synthesis of tetramethyl orthosilicate (TMOS). We report here the first experimental results on characterization and structural investigations of the fractal porous-silica samples prepared with various conditions such as calcination temperature and packing condition of the template particles. In order to characterize the fractal porous-silica samples, pore volume distribution, porosity and specific surface area were measured over an extremely wide scale from 1 nm to 100 m by means of mercury porosimetry, 1 H NMR cryoporometry, and nitrogen gas adsorption experiments together with direct evaluations of cross-sectional fractal dimension D cs , size limits of D cs . We have found that the pore volume distribution and specific surface area of the fractal porous-silica samples can be discussed in terms of different fractal porous structures at different scale regions.
Introduction
Fractal is a mathematical concept to explain how similar patterns appear at different scales such that the coastline of the Scandinavian Peninsula and the shape of clouds appear [1, 2] .
In addition, the fractal concept has been applied to interpret many phenomena such as the 1/f-noise in rhythm [3] , the correlation of one-dimensional base-sequence in DNA [4] , critical phenomena [5] , pattern formation of bacteria colony [6] , distribution of population in municipalities [7] , etc. However, it has been clarified recently that the fractal is also fruitful in material designs. For instance, fractal surface structures emerge super-water repellency [8] [9] [10] [11] [12] [13] [14] and super oil-repellency [15] . The super water-repellent fractal structure is spontaneously formed on the surfaces of alkylketene dimer (AKD) and triglycerides waxes [8] [9] [10] [12] [13] [14] . The super-water repellency is caused by the enhancement of the real surface area of waxes arising from the surface roughness. Another example is Menger sponge-like cavities for localization of electromagnetic waves [16] . In this case, the hierarchical porous structure is essential for the localization.
Very recently we have succeeded in creating "fractal body", porous-silica samples with Menger sponge-like fractal geometries, by a novel template method [17] . We utilized the template particles of AKD and a sol-gel synthesis of tetramethyl orthosilicate (TMOS), where AKD is a material of super water-repellent fractal surface and the template particles are corresponding to pores. We stacked the AKD particles having the fractal surface into a vessel with suitable compression ratio (r c ) and made SiO 2 replica of the space between the particles by the sol-gel synthesis. Next, the obtained SiO 2 including the AKD particles was heated at an appropriate temperature to remove by burning the wax particles from the sol-gel product. We thus created the fractal body possessing the pore size distribution of 50 nm ~ 30 m. In order to evaluate the fractal geometry, cross-sectional fractal dimension D cs and its scale range, volume fraction of silica, upper and lower cutoffs of the fractal (self-similar) structure and porosity were observed. Comparing the mathematical models of fractal body, it was concluded that the fractal geometry of the sample depended on the packing condition of the AKD template particles and changed from Menger sponge (D ~ 2.73) for natural packing (r c = 1) to its modified model (D ~ 2.5) for three times compression (r c = 3). In other words, we found that D can be controlled by the packing condition of template particles. Furthermore, we have determined D of the fractal bodies themselves by an extremely wide scale observation with a combination of ultra-small-angle neutron scattering (USANS), small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS) over five orders from 1 nm to ca. 100 m [18] . The observed D values were close to those of Menger sponge-like structures at the range of 100 nm ~ 1 m as predicted in our previous work [17] .
Further characterization such as pore size and volume distributions and specific surface area are crucially important from both viewpoints of scientific significance and practical applications of this novel material. Since we found that D was reduced with increasing rc, it is interesting to examine the change of the pore size and volume distributions and the specific surface area with r c . Moreover, the calcination temperature T cal in the sol-gel synthesis of SiO 2 affects strongly the small pores arising from a gel network of SiO 2 . Therefore, the pore characterization with the changes of calcination temperature and r c in fractal porous-silica should be systematically investigated. In this article, we report the first experimental results on the pore characterization of the fractal porous-silica samples with the changes of T cal and r c over an extremely wide scale range from 1 nm to 100 m by the set of different techniques of SEM observation, mercury porosimetry, 1 H NMR cryoporometry [19] [20] [21] [22] and nitrogen gas adsorption technique. We will address a correlation between the pore characterization and the fractal geometries.
Experimental section

Sample preparation
The fractal bodies were prepared as described elsewhere [17] . First, fractal particles were prepared by a spray technique using nitrogen gas (the gas flow rate is ~ 3 liter min-1) from a n-hexane (Wako) solution of alkylketene dimer (AKD, supplied by Arakawa Chemical Industries, Ltd.) at ca. 5 wt %, where AKD was preliminarily recrystallized from n-hexane before use. The sprayed particles were kept at room temperature for several days to form fractal surface structure spontaneously. Next, we stacked the particles into a vessel and compressed under compaction ratios r c = 1, 2, and 3, where r c = 1 means the natural packing of particles, and r c = 2 and 3 mean that the stacked particles were compressed to the volume ratio of 1/ r c . A solution of tetramethyl orthosilicate (TMOS, Shin-Etsu Chemical Co., Ltd.) that was the mixture of TMOS, pure water and methanol at 1: 4: 5 in molar ratio at pH = 6.86 (pH standard phosphate buffer solution, Wako) was added into remained space between the particles. The samples were left to stand at room temperature for 3 days during the sol-gel reaction process.
Then, they were calcined at the calcination temperature T cal = 500 (r c = 1), 650 (r c = 1, 2, and 3), 700 (r c = 1, 2, and 3), 800 (r c = 1, 2, and 3), and 900 ºC (r c = 1, 2, and 3) for 2 h in ambient air to remove the AKD template particles, respectively.
Fractal analysis
We determined the cross-sectional fractal dimension D cs of the fractal bodies by direct observations of cross sections at different magnifications with scanning electron microscopy (SEM). Sample was crushed into small pieces, and those of the order of 500 m-size were used for fabrication by a focused ion beam (FIB) (Hitachi-2100) to obtain clear cross sections. From the cross-sectional SEM images, two-digit images were obtained by image processing and the fractal dimension D cs was determined by a box-counting method.
Pore size distribution, porosity and specific surface area
Pore size distribution was measured by three different experimental techniques, i.e., mercury porosimetry, 1 H NMR cryoporometry [19] [20] [21] [22] and nitrogen gas adsorption technique.
Usually, the first one covers the pore-size range from ca. 10 nm to 1 mm, the second one does 6 from several nm to 1 m, and the last one from 1 nm to 50 nm at most. We adopted these techniques to investigate the pore character over an extremely wide scale. Porosity was calculated from the mercury porosimetry and specific surface area was determined by the nitrogen gas adsorption experiments.
The pore size distribution and the porosity were measured by mercury porosimetry technique using a mercury porosimeter (CE Instruments Porosimeter Pascal 140, 440). Before the experiment, the silica samples were crushed into mm-size grains. The dilatometer containing each sample was degassed under vacuum and then filled up with mercury. The pressurization was up to 200 MPa. The pressure P is related with the pore size r as Eq. (1) [23] .
where  is the surface tension of mercury,  is the contact angle between mercury and silica.
Usually, r in mercury porosimetry is calculated under the conditions of  = 484 mN m -1 ,  = 140º. The schematic representation of the experimental principle is illustrated as the inset of Fig.   5 (a). Here, the pore is assumed to be a cylinder. The pore volume at r was determined from the volume change of mercury in the outside of the fractal porous-silica samples at P.
The pore size distribution was also measured by the 1 H NMR cryoporometry as follows [19] [20] [21] [22] . The principle is the melting temperature depression in small pores. The relation between melting depression T m and pore size r is [20] r H This intensity at a particular temperature shift T m corresponds to the total volume of pores with sizes below the volume given by Eq. (2). Hence, the temperature dependence of the liquid NMR intensity can be, via Eq. (2), easily rescaled into the cumulative pore volume distribution.
The pore size distribution and specific surface area were also measured at -196 ºC by the agreement with the findings in our previous work [17] , but not dependent on T cal . We will discuss this point later from the viewpoint of the geometry of porous silica. (b) shows two peaks in the pore size distribution. One is in the range of r > 100 nm and the other is at r < 10 nm. The former and the latter would reflect a hierarchical porous structure formed with the AKD templates and the mesh size of a gel network of SiO 2 in the sol-gel synthesis, respectively.
Figs. 8 (a) -(c) show the dependences of cumulative pore volume on pore size for the samples at r c = 1, 2, and 3, respectively. With increasing T cal at all r c , the cumulative pore volume V is systematically decreased. In particular, the pore volume of relatively smaller pores seems to be collapsed because the increase of V at r < 4 nm was suppressed with increasing T cal .
The collapse is reflected in the decrease of specific surface area S as shown in Fig. 8 (d) in which the specific surface areas are apparently decreased with an increase of T cal . Contrary to these, no significant difference in S between the porous-silica samples with different r c and between the porous silica samples and normal SiO 2 was observed, and indicating that their porous structures in very smaller scale range were similar. Fig. 9 shows the pore size distribution over the extremely wide scale range from 1 nm to 10 m obtained from the mercury porosimetry, the 1 H NMR cryoporometry and the nitrogen gas adsorption experiments. Two pore distributions are clearly indicated at r = 1 ~ 10 nm and 100 nm ~ 10 m, respectively. In particular, the sharp distribution having a peak at r = 4 nm, which was evaluated from the nitrogen gas adsorption experiments, was clearly shown.
Consequently, the experimental results were summarized as follows.
(1) From the SEM observations of the cross sections (observed scale range; 10 nm ~ 100 m. Two pore-size distributions in a typical fractal body (r c = 1 and T cal = 650 ºC) exist at r > 100 nm and r < 10 nm, respectively. The pore size ranges of the former and latter were in good agreement with those obtained by the mercury porosimetry (Fig. 5 ) and the nitrogen gas adsorption experiments (see Fig. 9 ), respectively.
(4) From the nitrogen gas adsorption technique (observed scale range; 2 nm ~ 20 nm. Fig. 8 ).
The cumulative pore volume V and the specific surface area S of the fractal bodies and the normal SiO 2 were evaluated. The V and S of the fractal bodies were decreased with increasing T cal . The S of the fractal bodies was similar to that of the normal SiO 2 . The sharp pore size 14 distribution around 4 nm was observed.
Discussion
Two kinds of pores and their contribution to the pore-volume and specific surface area
There are two kinds of pores in the fractal porous-silica samples as shown in Fig. 9 . One is originated from the AKD template particles, and has the pore-size distribution of about 100 nm -10 m. The other is intrinsic 4 nm-pores of silica, and is formed during the sol-gel reaction process. The fractal (self-similar) structure is maintained in the size-distribution of the larger pores.
The contribution of these two kinds of pores to the characteristic properties of the silica material is quite discriminatory. The larger fractal pores contribute much to the pore-volume as seen in Figures 5 and 7 , and do not at all to the specific surface area. The specific surface area of the fractal porous-silica is almost the same as that of normal silica as shown in Figure 8 (d). The intrinsic smaller pores of silica around 4 nm in size contribute solely to the specific surface area.
Regretfully, the fractal nature of the porous silica created in this study does not seem to lead the larger surface area. where n is the generation number of hierarchical structure and the factor 20/27 is the volume reduction ratio of Menger sponge. If one can estimate n, then the geometry can compare with the model. It can be obtained from the relation between the pore size reduction ratio and the cutoffs [17] .
Thus n can be evaluated from the scale range in which D cs is maintained. Based on Eqs. (5) and (6), we can discuss the geometry of the sample. From Eq. (6), n ~ 5 for L = 6 m and l = 100 nm. Therefore, the theoretical porosity p is evaluated to be 78 % from Eq. (5). The actual porosity obtained from the mercury porosimetry (75 % as shown in Fig. 6 ) is in good agreement with the theoretical value. Thus, it can be concluded that the fractal geometry of the sample is close to Menger sponge between 100 nm and 6 m.
We can further discuss the geometry from the cumulative pore volume along the following scenario. If the pore size at the first stage is L (the size of unit cube is 3L), then the pore volume generated is 7L 3 . At next stage, the pore volume is ) 27 / 20
where the factor 1/3 is the size reduction ratio to create a Menger sponge. Therefore, the pore volume of the pores at the n-th generation v n is 
where the factor 20/27 is the volume reduction ratio and 
From Eq. (8), it is obvious that if   n then the pore volume reaches to the volume of whole cube (3L) 3 , i.e., the net volume of mass becomes zero. Eq. (8) is important to evaluate cumulative pore volume V which corresponds to the total pore volume by unit mass. The V of the hierarchical structure from the first generation to the n-th generation can be described as
where  is density of material (2.4 g cm -3 for SiO 2 ) and f n is the volume fraction of Menger sponge at the n-th generation,
Eqs. (7) - (10) provide us an approach to discuss the fractal geometry of the sample in comparison with mathematical model on the basis of pore volume distribution. Here, to make the calculations of v n and V simple, the shapes of pores were approximated to be cubes. The validity of the model can be discussed in terms of cumulative pore volume. The pore volume of the n-th generation v n in this model is 1 3 64 39 2 25
The total pore volume V n from the first to the n-th generation is
The total pore volume by unit mass V is
where f n = (39/64) n . Fig. 12 (b) shows a comparison with the experimental and theoretical results assuming L = 2 m on the dependences of cumulative pore volume and pore volume on pore size in Eqs. (13) - (15) . The cumulative pore volume in the size range from 2 m to 0.125 m in the experimental result can be reproduced by the sponge model as shown in Fig. 12 (a) .
Thus, D of this sample is estimated to be close to 2.64.
Next, let us briefly discuss the fractal geometry of the sample at r c =3 and T cal = 650 ºC.
The obtained values of D cs , l, L and p are 1.84, 0.2 m, 7 m and 93 %, respectively. Here, we assume the sponge model as shown in Fig. 13 From this relation, n is evaluated to be ca. 4 . The values of n obtained from Eqs. (16) and (17) are consisted each other.
The validity of the model can be also discussed in terms of cumulative pore volume. The v n in this model is 1 3 64 32 2 32
The V n from the first to the n-th generation is
where f n = (32/64) n . Fig. 13 (b) shows a comparison with the experimental and theoretical results assuming L = 3 m on the dependences of cumulative pore volume and pore volume on pore size in Eqs. (18) - (20) . The cumulative pore volume below 3 m in the experimental result can be reproduced very well by the sponge model as shown in Fig. 13 (a) . Thus, D of this sample is estimated to be close to 2.5.
In these two sections, we discussed the mass fractal dimension D of the samples on the basis of the experimental results (D cs , l, L and p) and the fractal sponge models. On the other hand, we have been carrying out the direct evaluation of D of fractal porous silica samples by scattering studies such as USANS, SANS and SAXS [18] . Therefore, it would be fruitful to briefly address the comparison between the scattering results and the present results here. In the scattering experiments on porous samples, two kinds of fractal dimension can be observed, surface fractal dimension D s and mass fractal dimension D, which emerge as the dependences of scattering intensity I (q) on wave number q (q = 2/r, r: pore size), can be observed, where I (q) q -(6-Ds) and I (q) ~ q -D [27, 29, 30] . Roughly speaking, the former and latter dependences are observed in the scale ranges below and above the smallest pore size, respectively. On the other words, the air-solid interface over a whole pore network structure is detected in the q-range corresponding to the larger size range than the smallest pore size, while the air-solid interface of pores, i.e., a surface roughness, is detected in the q-range corresponding to the smaller size range than the smallest pore size. Actually, the dependence of I (q) changes at several hundred nanometer in our previous study [18] , which corresponds to an average of the size of a surface [17] . Now, further scattering experiments on fractal porous-silica samples by USANS, SANS and SAXS are in progress. Gas adsorption experiment using various gas molecules with different sizes such as nitrogen and butane is suitable to evaluate D s and D in the scale range smaller than ca .10 nm in pore size [31, 32] , but not suitable in more larger scale. In the box-counting method, the surface roughness is observed as the contour of pores, but it is not directly reflected in D cs .
Porous structure of the intrinsic pores of 4nm
Let us move here to the discussion on the geometry of the intrinsic pores of 4 nm on the basis of the obtained specific surface area S. To discuss the relation between S and the pore structure briefly, we consider a rough scheme that there is a spherical pore with diameter d in a 
For d = 4 nm, S = 688 m 2 g -1 .
Since the obtained S is ~ 500 m 2 g -1 at T cal = 650 ºC, the distance between the centers of the pores is ideally 4.4 nm if the 4 nm-pores homogeneously exist in
, the contribution of larger pores of the order of 100 nm and more to S can be neglected. According to the rough estimation, the obtained S is explained by the existence of the 4 nm-size pores, and not the hierarchical fractal structure. Since it is well-known that usual specific surface area of silica gel is in the order of ~ 500 m 2 g -1 [25] , the obtained S is in good agreement with that of usual SiO 2 .
Effects of T cal and r c for porous structure and fractal geometry
We have discussed so far on the porous structures and fractal geometry of the silica samples made at r c = 1, 2, 3 and T cal = 650 ℃. The fractal structures of the silica materials may be changed when we change the preparation conditions of r c and T cal . Let us discuss first on the effects of T cal from the porosity, pore size distribution, V and S. Roughly speaking, D cs (Fig. 4 (a)), V ( Fig. 6 (a) ), the porosity (Fig. 6 (b) ) and S ( Fig. 8 (d) Next, the effect of r c on the porous structures will be discussed. In our previous study, the fractal geometry in the range from 50 nm to 20 m was affected by r c because the porous structure (porosity, pore size, etc.) was changed by the compression of the AKD particles corresponding to the pores in fractal silica samples [17] . For example, the D cs (porosity) was systematically decreased from 1.89 (r c = 1, p = 85 %, T cal = 500 ºC), 1.84 (r c = 2, p = 92 %, T cal = 650 ºC) to 1.80 (r c = 3, p = 96 %, T cal = 650 ºC) with increasing r c in our previous study [17] .
Concerning the porosity, the results of the present work (the porosity at r c = 2, 3 and T cal = 650 ºC were 89 and 93 %,, respectively) were in good agreement with those of the previous one. The It is well-known that porous materials such as active carbon, Vycor glass and aerogels have fractal geometry with limited size-scale over only one decade or less around 10 nm [26] [27] [28] [29] .
In contrast to these materials, our fractal porous-silica created by the designed template method shows the fractality in the multi-scale from 100 nm to ca. 10 m. In order to create fractal porous-silica with ideal fractal geometries, experimental design for the porous structure at r = 10 ~ 100 nm is necessary. If it would be accomplished, then fractal geometry would be maintained over the extremely wide scale from nm to m and huge S and almost zero mass would be realized. It would be quite important not only in application, but also in the experiments of phase transition phenomena in the fractal system [33, 34] . Further studies would serve us not only possibilities in material design, but also in fundamental physics.
Conclusion
In summary, we have systematically evaluated D cs , L, l, porosity, V, pore size distribution and S of fractal porous-silica samples prepared at different r c and T cal over four decades by the combination of SEM observations, mercury porosimetry, the 1 H NMR cryoporometry and the nitrogen gas adsorption experiments, and also have discussed the porous structures in fractal porous-silica at different scale regions. We found that there were two different porous structures at different scales in typical samples (r c = 1, 2, 3 and T cal = 650 ºC); Menger sponge-like porous structure in the range of ca. 100 nm -ca. 10 m, and the sponge structure with 4 nm-size pores.
We also found that T cal affects strongly the porous structure below 10 nm. The r c changes mainly 26 the porosity, and does not show the clear effect on the fractal dimension. obtained from the mercury porosimetry (obtained from Fig. 5 (a) ), the 1 H NMR cryoporometric experiment ( Fig. 7 (b) ), and the nitrogen gas adsorption technique (obtained from the cumulative pore volume of T cal = 650 ℃ in Fig. 8 (a) ). Fig. 13 (a) ), where the L is fixed and their D cs are shown.
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